We have developed a time-dependent model of the plasmasphere to evaluate the spatial variation of the Coulomb lifetime of ring current ions. Coulomb collision has been considered to be one of major loss processes of the ring current ions interacted with the thermal plasma in the plasmasphere. The distribution of plasmaspheric density is derived by a continuity equation under the hydrostatic assumption. The protons supplied from both conjugate ionospheres are drifted by a time-dependent convection field and a corotation electric field. Calculated profiles of the number density and the relative motion of the plasmasphere are in fairly good agreement with the observational results by EXOS-B satellite. We traced the energetic ions during a storm on June 4-8, 1991 and calculated the differential flux and the pressure to examine the loss effects on the pressure due to the both loss processes. We found that (1) the Coulomb collision loss restrictively affects at L ≤ 3 because the plasmasphere drastically shrank due to the strong convection, and that (2) there is no significant change in the ion composition ratio during the initial rapid recovery of Dst, i.e., the rapid recovery of Dst is not caused by the short charge exchange lifetime of O + ions for this particular storm.
Introduction
The dominant loss processes of the ring current energetic ions have been considered to be charge exchange with neutral atoms (e.g., Dessler and Parker, 1959; Smith et al., 1976) and the Coulomb collision with dense cold plasmas in the plasmasphere (e.g., Wentworth et al., 1959; Liemohn, 1961; Kistler et al., 1989; Fok et al., 1991) . The number densities of the above scattering particles are required when we consider the lifetimes of the charge exchange and Coulomb collision losses. Though the distribution of neutral atoms is relatively steady, the distribution of plasmaspheric cold plasmas is changed with the magnetospheric activity. Therefore the time-varying distribution of the plasmasphere is important to evaluate the Coulomb lifetime of the ring current ions and to discuss the ring current formation as well. In this paper, we develop a new model of the time-varying plasmasphere, and we examine the time-dependent spatial distribution of the Coulomb lifetime of the energetic ions (H + , He + and O + ) and charge exchange lifetime. The plasmasphere is formed by the bulk motion of the cold plasmasphere in the magnetosphere (e.g., Nishida, 1966; Brice, 1967) . Many authors have discussed the deformation of the plasmapause or detachment of plasmatail (e.g., Carpenter, 1966; Chappell et al., 1970; Chen and Wolf, 1972; Grebowsky et al., 1974; Grebowsky and Chen, 1975; Maynard and Chen, 1975; Horwitz et al., 1990; Gallagher et al., 1995; Moldwin et al., 1995) . Since ionospheric thermal plasma can escape and can form the plasmasphere, the coupling between ionosphere and plasmasphere is important through a refilling process. Many kinds of large-scale refillCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
ing models have been proposed, for example, hydrodynamic models (e.g., Mayr et al., 1970; Moffett and Murphy, 1973; Marubashi and Grebowsky, 1976; Li et al., 1983; Khazanov et al., 1984; Singh and Chan, 1992; Guiter et al., 1995) and semikinetic models (e.g., Lin et al., 1992; Wilson et al., 1992) . However we applied the total ion contents model described in Chen and Wolf (1972) for modeling the transport of ionospheric plasmas into a flux tube. By solving a differential equation as mentioned below, we calculate the saturation density and refilling time constant of the plasmasphere, that is, the empirical model is not introduced (Carpenter and Anderson, 1992; Rasmussen et al., 1993) . Unless otherwise mentioned MKS unit is used throughout this paper.
Three-Dimensional Model of the Plasmasphere

Ionosphere-magnetosphere coupling
The H + ions supplying to the plasmasphere are mainly produced by charge exchange reaction in the conjugate ionospheres, i.e., O
The reverse reaction can occur easily because the ionized potentials of H + and O + are very closed to each other. Therefore the main sink of the H + ions is the reactions of
The continuity equation along a flux tube is
where F is the H + flux, s the distance along a field line, P H + a production rate of H + and L H + a loss rate of H + . The production and loss rates, P H + and L H + , are (Banks and Kocharts, 1973),
where
, T i and T n are densities of neutral hydrogen, neutral oxygen, proton, oxygen ion, and ion and neutral temperatures, respectively. Integrating Eq. (2) along a field line, the upward flux becomes
where B is a magnetic intensity, and s is the distance along a field line. The subscript 0 refers to the lower boundary altitude z 0 of the production/loss region. The upward flux will be maximum when the plasmasphere is depleted after a large magnetic storm. In this situation, L H + = 0, the upward flux becomes maximum and the maximum flux is called as a limiting flux. The chemical equilibrium is the state that production and loss rates are equal. The concentration of chemical equilibrium H + ions in the ionosphere is derived from an equality of P H + and L H + , i.e.,
The typical profiles of O + density and chemical equilibrium H + density are shown in Fig. 1 . The IRI-95 (Bilitza, 1986 ) and MSISE-90 (Hedin, 1987 (Hedin, , 1991 models are used to calculate these ionospheric and thermospheric quantities. The lower boundary z 0 is the altitude where H + density is equal to O + density in Fig. 1 . In other words, the bulk motion of the plasma due to the ambipolar diffusion is controlled by H + in the region above z 0 . The lower boundary altitude is highly sensitive to the solar activity as shown in Fig. 2 . The lower boundary in the solar minimum is from 600 km to 800 km depending its local time and latitude, but in the solar maximum (the bottom panel of Fig. 2 ), the altitudes is roughly twice the altitude in solar minimum (the top panel of Fig. 2 ). When solar activity is high, O density is increased, then chemical equilibrium H + density is increased and the lower boundary z 0 becomes a higher altitude.
Since n(O + ) profile falls off exponentially with altitude, H + that escapes to the plasmasphere is produced within one scale height of O + (Raitt et al., 1975) , and the loss region of H + ions may exist within one scale height of atomic oxygen above z 0 . Then, we obtain the flux which can escape to the plasmasphere as,
is the scale height of O + and H (O) the scale height of atomic oxygen at the lower boundary z 0 .
The continuity equation of the total ion content per unit magnetic flux N is
where B 0 is the magnetic intensity at the ionosphere, and N is defined as
where h s is the coordinate scale factor aligned with a field line. The subscripts N and S represent northern and southern hemispheres, respectively. The average density in a flux tubē where
The continuity equation of the average density becomes,
A relation between H + density at the conjugate ionosphere n 0 and average densityn is required to solve Eq. (12). We assume that the variation of number density along a field line is in hydrostatic equilibrium which is derived from plasma transport equation (e.g., Eq. (15) of Rasmussen et al., 1993) by the following assumptions; (1) pressure is isotropic, (2) temperatures are constant and (3) inertia force is negligible. The distribution in the hydrostatic equilibrium state with the dipole field as a function of colatitude θ is
and
where g 0 , k, m, n 0 , T e , T i and θ 0 are gravity force at surface of the Earth, Boltzmann's constant, mass of H + , H + density at the altitude of z 0 , electron temperature, ion temperature, and colatitude of the production/loss region in the conjugate ionosphere, respectively. The colatitude θ 0 is
where L and Re are McIlwain's L-value and the Earth's radius. Especially, the equatorial density n eq is simply given by
From Eqs. (10) and (13), the average densityn is analytically given byn
(18) Finally the differential equation of the average density becomes,
The solution of Eq. (19) clearly has a time constant τ , so called refilling time constant,
and has the saturation densityn sat ,
Formation of the plasmasphere
Since plasmaspheric ions are cold with temperature of ∼1 eV (e.g., Olsen et al., 1987) , the drift motion of the ions is determined by the E × B drift. We assume that the Earth's magnetic field is a dipole and the electric fields are composed of Volland-Stern type (Volland, 1973; Stern, 1975) convection field and the corotation field. The Volland-Stern model represents the convection field in the equatorial plane by the electric potential , i.e.,
where R is a radial distance from the center of the Earth, φ a magnetic local time, γ a shielding factor, and A is given by Maynard and Chen (1975) as, We use γ = 2 here.
Comparison with satellite observation
The Japanese satellite EXOS-B (JIKIKEN) was launched on September 16, 1979 into an equatorial orbit (the apogee of 5.1 Re, the height of perigee of 225 km and the inclination of 31
• ). Because of the low inclination orbit, EXOS-B could sweep widely from the ionosphere to beyond the plasmapause in the near equatorial plane. An electron density is directly calculated from an upper hybrid resonance frequency which is measured by a frequency swept impedance probe (IPS) (Ejiri et al., 1981) aboard EXOS-B using a length of 33.4 m antenna, a frequency range being from 10 kHz to 3 MHz with a swept period of 2 sec (high bit rate) or 8 sec (low bit rate).
We used three days of EXOS-B data from August 11-13, 1981, when EXOS-B had an apogee of near midnight. One of the orbits of EXOS-B on August 12, 1981 projected on the equatorial plane is shown in Fig. 3 with a snapshot of a contour map of the calculated proton number density. The orbit (purple line) passages from the dusk side to the dawn side through an apogee of L = 5.1. A marked dot on the orbit path represents the position of EXOS-B at 1400 UT. At this time, a bulge of the plasmasphere is seen in near midnight, and the bulge is corotated with the Earth: the convection field intensity was decreasing since 2100 UT in the previous day.
The three days' profiles of the electron density observed by EXOS-B along their trajectories and profiles of the proton density calculated by this numerical model are shown in Fig. 4 . We assume here that the number density of electrons is equal to the number density of protons.
In the first orbit (August 11, 1981 ; top panels of Fig. 4 ), EXOS-B experienced an enhancement of the convection Fig. 4 ), EXOS-B did not encounter the plasmapause though the plasmasphere had shrunk last day. Therefore it seems as if the plasmasphere was refilled within a day. However it takes more than five days to refill the depleted plasmasphere up to the density of the order of 100 cm −3 at L = 5 by our calculation. As mentioned above, the result of the numerical calculation shown in Fig. 3 suggests that EXOS-B moved together with a bulge (or a plasmatail) of the plasmasphere drifted from the noon-dusk quadrant by the corotation field. Therefore, EXOS-B did not encounter the plasmapause. The last orbit (August 13, 1981; bottom panels of Fig. 4) , both observed and calculated profiles gradually decline with L value. The absolute electron density given by the numerical calculation is approximately 900 cm −3 at L = 3.5 and 300 cm −3 at L = 4.5 (outbound), and these values are Janev and Smith (1993) , and the lifetimes of He + and O + are given by Smith and Bewtra (1978) . The data points are the experimental value of Smith and Bewtra (1978) , and we fit to the points.
approximately agreed with the satellite observation. Though the simulated profile (Fig. 4(f) ) shows no fine structure, the location of the plasmapause segments, 4.6 ≤ L ≤ 4.9 (outbound) and 4.1 ≤ L ≤ 4.6 (inbound), are also in agreement with the satellite observation.
Coulomb Lifetime of the Ring Current Ions
The Coulomb decay lifetime of the ring current ions is calculated followed by a method of Fok et al. (1991) . The Coulomb lifetime is calculated with the assumptions, that is, a distribution function of the plasmaspheric plasmas is Maxwellian with temperature of 1 eV. The normalized Coulomb lifetimes of H + , He + and O + ions as a function of energy are computed and plotted in Fig. 5 . For example, if the ring current ions with energy of 1 keV stay in the plasmasphere whose density is 100 cm −3 , the lifetimes of H + , He + and O + ions are 1.6, 4.9 and 19 days, respectively. For the energy of 10 keV, the lifetimes are 11, 9.6 and 22 days, respectively.
The other major loss process of the ring current ions is the charge exchange. As described in Kistler et al. (1989) , the dominant charge exchange loss of H + , He + and O + ions are due to the reactions of
The bounce-average charge exchange lifetime of the energetic ions τ ce is
where n(H), σ , v, λ m and j are the number density of neutral hydrogen, the charge exchange cross section, the velocity of the ring current species, mirror latitude, and j is given to be 3.5 (Smith and Bewtra, 1978) . To obtain the number density of the neutral hydrogen, we use a Chamberlain model (Chamberlain, 1963 ) with a fitting parameter of Rairden et al. (1986) . The cross section of the H + ions is given by Janev and Smith (1993) , and the cross section of the He + and O + ions are given by Smith and Bewtra (1978) . The normalized charge exchange lifetime (defined as τ ce ×n(H)) for H + , He Fig. 7 , charge exchange loss is important for 10 keV protons. For the He + ions of energy 10 keV, the charge exchange lifetime is longer than the Coulomb lifetime. On the contrary, for the O + ions of energy 10 keV, the charge exchange lifetime is comparable to the Coulomb lifetime in the plasmasphere. However, the charge exchange becomes the dominant loss process in the outer plasmasphere.
Conclusions and Discussion
We have developed the time-dependent plasmaspheric model derived from the total flux tube content model of Chen and Wolf (1972) with the assumptions; (1) the primary ion species in the plasmasphere is H + , (2) the main source and sink of the plasmaspheric H + ions are the charge exchange reaction in the conjugate ionospheres, and the production and loss regions are the altitude where the chemical equilibrium H + density is equal to O + density, (3) the distribution aligned with a field line is hydrostatic equilibrium and (4) the magnetic field is a dipole and the electric fields consist of the Volland-Stern type convection field and the corotation field. The accuracy of this model is examined by comparing with the EXOS-B satellite observations during the period of a weak magnetic storm from August 11-13, 1981. The calculated radial profiles of the electron density shown in Fig. 4 are in good agreement with the EXOS-B observation with respect to the absolute density, relative displacements of the plasmapause and the dynamical feature of the plasmasphere. By this plasmaspheric model, we could evaluate the spatial variation of the Coulomb collision lifetimes of the energetic ions. The Coulomb collision loss is comparable to the charge exchange loss for the H + , He + and O + ions with energies of below a few tens of keV in the plasmasphere as pointed out by Fok et al. (1991) .
We have examined previously the basic loss effects of the newly injected ions due to Coulomb collision and charge exchange losses (Ebihara et al., 1997) . Although Fok et al. (1995) investigated the decay of the ring current ions due to both losses by a three-dimensional kinetic model, we present preliminary results of the decay processes of the newly injected particles by tracing along their trajectories (a single particle code). In order to compare the change in the pressure due to the loss processes with the satellite observation, we trace the injected particles under a dipolar magnetic field and K p dependent Volland-Stern type convection field by the bounce-average approximation described in Ejiri (1978) , and we calculate the absolute differential flux and the plasma pressure. The methods to calculate the drift trajectory and the absolute flux and the pressure are described in Appendix A and B, respectively. Roeder et al. (1996) reported the results of the CRRES observation during the large magnetic storm which occurred on June 4-8, 1991; (1) the relative O + component of total at L = 3-5 increased from 7% prior to the storm to 29% in the recovery phase, that means the relative ion composition never became dominated by oxygen, (2) the fastest decreasing ion was O + at L = 3-6 in the recovery phase. The event was the large storm that has a complex main phase and two step recovery of Dst as shown in the top panel of Fig. 8 .
We tried to compare our model calculation with the observational results reported by Roeder et al. (1996) . In our simulation, the energetic ions are injected from L = 8 with longitudinal range of 21h ≤ MLT ≤ 3h by the K p dependent Volland-Stern type convection field during the period from 2300 UT on June 4 to 0000 UT on June 8. An inductive electric field in association with a substorm is not introduced here. The source distribution function is assumed to be an isotropic Maxwellian with a temperature 5 keV and an ion number density 0.22 cm −3 . These quantities are consistent with direct satellite observations in the plasmasheet as a source of an injection (Baumjohann and Paschmann, 1989; Thomsen et al., 1996) . The composition ratio of H + , He + and O + ions as a source is assumed to be 0.8, 0.05 and 0.15, respectively. Our model includes no radial diffusion, that is, the radial transport of the particles is caused by the convection.
The results of the calculation are shown in Figs. 8 and 9. The third and fourth panels of Fig. 8 are the radial profiles in the midnight meridian at 0000 UT on June 7, 1991 during the later recovery phase of the storm (denoted by (C) in the top panel). The third panel shows the loss rates of the plasma pressure. One can find that the Coulomb collision loss dominates the decrease of the He + and O + pressures, and the charge exchange loss dominates the decrease of H + pressure. Since the core region of the plasmasphere (≥100 cm −3 ) shrank within L 3 at midnight during the main and the early recovery phases as shown in the second panel of Fig. 8 , the Coulomb collision loss mainly affected the ions at L ≤ 3. The bottom panel of Fig. 8 shows that the H + pressure decreased faster than O + and He + pressure in the inner magnetosphere due to the loss processes and that H + became a minor composition relative to O + and He + on the pressure at L ≤ 2.3 at the later recovery phase. The absolute value of the calculated pressure at the peaks, however, is smaller than the observed pressure with a factor of 10, the observed pressure around L = 3.5 by Roeder et al. (1996) being 32 nPa, 8 nPa and 13 nPa for H + , He + and O + ions respectively. The difference of the pressure between the calculation and the observation is not a subject of matter in this paper because we discuss here the change in the relative composition ratio of the pressure.
The time evolution of the composition ratio of the pressure is shown in Fig. 9 . At the beginning of the rapid recovery of this storm (1900 UT on June 5; labeled as (A)), the O + is the major species at L ≤ 1.8. There is no significant change in the pressure ratio during the rapid recovery phase (between 1900 UT on June 5 to 0400 UT on June 6). This result implies that the relatively shorter lifetime due to the charge exchange loss of O + ions is not a good explanation of the rapid initial recovery of Dst in the two step recovery for this particular storm. However, the CRRES observed the enhancement of the composition ratio of O + pressure up to 29% at L = 3-5 in the recovery phase (Roeder et al., 1996) . Namely, the enhancement of O + observed by the CRRES is considered to be arising from the change of the source composition in the plasmasheet. The change of the source composition is one of candidates for the two step recovery. In fact, ions originated from the ionosphere (mainly O + ) obviously increase in the storm time plasmasheet (Peterson et al., 1981; Sharp et al., 1982; Lennartsson and Shelley, 1986; Daglis et al., 1994) . The other candidate for the two step recovery is the convective outflow of newly injected particles (Takahashi et al., 1990) .
We calculated the trapped particles injected from the nearEarth plasma sheet by the bounce-average approximation.
The bounce-average drift velocity V s is generally given by
where E, B, τ b , s m , (s m ), T, v , v ⊥ , ds, m and q are an electric field, a magnetic field, a bounce period, conjugate mirror points, tensor for the coordinate conversion, a parallel velocity, a perpendicular velocity, a line element aligned with a field line, mass and charge, respectively (Roederer, 1970) . The first and second terms on the right hand side of Eq. (A.2) represent the curvature drift and gradient-B drift velocities, respectively. We can express the bounce-average drift velocity easily under the dipolar magnetic field as
where W , α 0 and G(α 0 ) are kinetic energy, an equatorial pitch angle and a function of a equatorial pitch angle, respectively. Ejiri (1978) gave an approximation formula of a function G(α 0 ) with an accuracy of within 0.1%, and we used here this formula. Each packet particle that has a number of real particles in a small phase space loses its number of particles with a time constant τ due to the charge exchange and Coulomb collision loss processes.
Appendix B. Differential Flux and Pressure of Energetic Particles
Following Cladis and Francis (1985) , we derived a method to calculate the absolute differential flux of the trapped particles which include a number of real particles in the phase space. where S, N i and τ b are the area of a virtual detector on the equatorial plane, the real number of particles that the i-th packet particle carries and the bounce period of a particle, respectively. A flux at a given latitude λ along a field line can be simply derived from the equatorial flux j 0 (Roederer, 1970) as 
